Abstract-A new three-degree-of-freedom (3-DOF) compliant parallel manipulator (CPM) has been proposed for 3-D nanomanipulation in this paper. The system is constructed by a proper selection of components, and analyzed via the established pseudo-rigid-body model, based upon which the kinematic modelings are performed, and the CPM workspace is determined in view of the physical constraints. One of the advantages of the presented CPM is that it provides a regular like workspace with a maximum cuboid defined as usable workspace inscribed and one isotropic configuration involved. Moreover, the architecture design of the CPM to achieve a maximum usable workspace is carried out, and the dexterity performance is evaluated. Simulation results show that the compact CPM can perform a dexterous manipulation within the usable workspace.
I. INTRODUCTION
Nanomanipulation could be defined as the manipulation of nanometer size objects using a nanometer size end-effector with (sub)nanometer precision [1] , [2] , which was enabled by the invention of scanning tunneling microscopes (STMs), atomic force microscopes (AFMs), and other types of SPMs. Manipulation refers to that nano objects are pushed or pulled, cut, picked and placed, positioned, assembled, twisted, etc. through utilizing devices with high positioning accuracy and dexterous motion of the end-effector and controlling external forces with sensory feedback.
As well known, parallel kinematic mechanisms possess inherent advantages over conventional serial manipulators [3] , such as high rigidity, high load capacity, high velocity, and high precision, etc. However, as for any mechanical systems composed of conventional joints, traditional parallel manipulators suffer from errors due to backlash, hysteresis, and manufacturing errors in the joints [4] . Hence, it is a major challenge to achieve ultra-high precision with conventional joints. On the other hand, compliant mechanisms, i.e., flexure based mechanisms can be employed into parallel mechanisms for high precision applications [5] , because compliant mechanisms exhibit many advantages in terms of vacuum compatibility, no backlash property, no nonlinear friction, simple structure and easy to manufacture.
Several literatures dealt with parallel mechanisms combining with compliant mechanisms for micro/nano meter scales manipulation [6] - [9] . However, most of the existing micromanipulators provide only planar 3-DOF motion, or spatial 3-DOF combined motions of translation and rotation. Since the nanometer-scale manipulation is usually performed via a microscope, that provides a quite limited field of vision and even a slight rotation of the end-effector will result in the manipulation easily sweeping out of the visual field, the most important motion used in such applications is translational rather than rotary motion. Therefore, a micromanipulator which can provide three DOF translational motion with high precision is greatly required for 3-D nano scale manipulation.
The motivation of this work is to develop a new 3-DOF spatial positioning nano-manipulator with a workspace covering the space range of about 140 µm×140 µm×140 µm and the resolution of several nanometers for 3-D assembling of nanometer scale components. A novel compliant parallel manipulator (CPM) is designed to achieve such purposes.
The remainder of this paper is organized as follows. The development of the new 3-DOF CPM is presented in Section II. Then in Section III, based on the developed PRB model of the CPM, the kinematic modelings and velocity analysis are performed. And in Section IV, the isotropy of the manipulator is investigated, where dexterity measures are also discussed. The CPM workspace subjected to physical limits is determined in Section V. And the architecture design of a CPM is carried out in Section VI, with the dexterity verified within the workspace via simulation studies. Some concluding remarks and future works are given in Section VII.
II. DESCRIPTION AND DEVELOPMENT OF THE MANIPULATOR
As shown in Fig. 1 , the designed 3-DOF CPM, which employs flexure hinges at all joints, consists of a mobile platform, a fixed base, and three limbs with identical kinematic structure. Each limb connects the fixed base to the mobile platform in sequence by one prismatic (P) flexure hinge, two revolute (R) flexure hinges, and another flexure P joint that is a parallelogram involving four flexure R hinges, and the first P joint is fixed at the base and actuated by a piezoelectric translator (PZT). Thus, each limb actually constructs a PRRP kinematic linkage. Since the effect of the last R and P joints is equivalent to a cylindrical (C) joint, the mobile platform can be regarded as attaching to the base through three identical PRC linkages. For a 3-PRC kinematical structure with conventional mechanical joints, it is shown in [10] that such a mechanism can act as a translational parallel manipulator with some certain geometric conditions satisfied. That is, the axes of the R and C joints within the same limb are parallel to each other, and both of them are perpendicular to the axis of the P joint within that limb. Due to the equivalent kinematic architecture, the proposed CPM possesses three translational DOF. Furthermore, in order to generate a regular cuboid like workspace of the manipulator, the three actuated P joints are arranged in orthogonal directions.
PZT actuators offer an attractive choice for taking as driving elements in precision engineering applications due to their merits involving smooth motion, high accuracy, and fast response. The drawback of piezoelectric actuators is their limited stroke. To make a compromise between the stroke and resolution and to achieve the goal of this work, one type of PZT P-239.80 is selected from the Polytec PI, Inc., which has the stoke of 140 µm and resolution of 1.4 nm. The piezoactuator of the CPM is implemented with each PZT embedded in a flexure prismatic hinge as shown in Fig. 1 .
The flexure hinge can be designed to have profile shapes of right angle, corner filleted, or right circular, etc. We adopt right circular one (Fig. 4) as the flexure revolute hinge because the displacement accuracy of a right circular hinge is the best, i.e., the center of flexure is displaced much smaller than the other types [11] . Since the ratio of yield strength (σ y ) to the Young's Modulus (E) of the material heavily affects rotation limits of the flexure hinges, which partially determines the manipulator workspace, it is necessary to choose materials with high ratio of σ y E in order to achieve a larger workspace. Thus we select the material of titanium alloy Ti-6Al-4V to build the CPM.
III. KINEMATIC MODELING
Exact solutions of compliant mechanisms involve elliptic integral solutions, which make the design problems very difficult. On the contrary, the pseudo-rigid-body (PRB) model can facilitate the design of compliant mechanisms [12] . The PRB model allows compliant mechanisms to be modeled using analogous rigid-body linkages and greatly simplifies the design of compliant mechanisms.
A. Pseudo-Rigid-Body (PRB) Model
With the mechanism topology identified and each flexure hinge replaced by a revolute joint and a torsional spring, the PRB model of the CPM was developed as shown in Fig. 2 . The vectors are represented in Fig. 3 .
To facilitate the analysis, we assign a fixed Cartesian reference frame O{x, y, z} at the initial position of point P, with the x, y, and z axis parallel to the axis of P joint A 1 , A 2 , and A 3 , respectively. In addition, the i-th limb C i B i (i = 1, 2, 3) with the length of a is connected to the mobile platform through a parallelogram P i 0123 with the length of e and the width of w. B i and D i is the center point of two edges of the parallelogram, respectively, and the three points D i lie on the mobile platform and on a sphere of radius b. Since connected to the slider of the i-th P joint, the R joint C i is restricted to move along the guide way of the P joint A i . Point C 0 i denotes the initial position of C i on the guide way.
Referring to the PRB model shown in Fig. 2 , within the i-th limb, due to the torsion deformation of the spring with stiffness K i jk , links j and k act on each other by the torsion moment of M i jk , which is caused by the angular displacement δ i jk of the links and can be calculated by:
where the stiffness K i jk can be calculated via the formulation:
Here E denotes the Young's Modulus of the material, and parameters w, t, and r of flexure hinges are depicted in Fig. 4 .
B. Kinematic Modeling
T be the vector of the three actuated joint variables. Generally, the position and orientation of the mobile platform with respect to the reference frame can be described by a position vector p = [x y z] T of point P, and a 3×3 rotation matrix R. Since the mobile platform of a 3-PRC parallel manipulator possesses only a translational motion, R becomes an identity matrix.
1) Inverse Kinematic Modeling:
Given the position of the mobile platform, the purpose of the inverse kinematics problem is to solve the actuated values.
Referring to Fig. 3 , a vector-loop equation can be written for the i-th chain as follows:
with
where t i is the unit vector along − − → C i B i , d i represents the linear displacement of the i-th actuated joint with u i denoting the Substituting (4) into (3) and dot-multiplying both sides of the expression by k i , allows the derivation of s i , i.e.,
Substituting the constant vectors into (5), leads to
Dot-multiplying (3) with itself and rearranging the items, yields
Solving (7), results in
It is observed that there exist two solutions for each actuated variable. To avoid the cases where links C i B i are overlapped with the parallelograms that may not occur in practice due to rotary limits of the flexure R joints, only the negative square root in (8) is selected to yield a unique solution for practical applications.
2) Forward Kinematic Modeling: Given a set of actuated inputs, the position of the mobile platform is solved by the forward kinematics.
Substituting the constant vectors and (6) into (3), leads to
Equations (9)- (11) represent the forward kinematics problem. Although complex, it can still be solved in closed-form using symbolic computation softwares such as MATHEMAT-ICA, MAPLE, etc. Considering the length of the paper, the enumeration of the results is not presented here. It can be shown that there are totally eight possible solutions for the forward kinematics problem and therefore allow at most eight feasible positions of the mobile platform.
However, the manipulator workspace is restricted partly by physical constraints imposed by the stroke limit of C joints, i.e., s min ≤ s i ≤ s max . Taking into account (6), we have
It can be demonstrated that only one solution lies within this range, which is taken into consideration for practical applications. The unique feasible configuration is an important feature for real time control in robotic applications.
C. Velocity Analysis
Substituting (4) into (3) and differentiating the result with respect to time, yieldṡ
where ω i is the vector of angular velocities of link C i B i with respect to the reference frame, andṗ = [ẋẏż] T denotes the vector for linear velocities of the mobile platform. Dot-multiplying both sides of (13) by t i , gives
Because the parallelograms are constructed using flexure hinges,ḣ i becomes infinitesimal, then we have
Equations (15) can be rewritten into the matrix form:
where
andq = [ḋ 1ḋ2ḋ3 ] T is the vector of actuated joint rates. As a result of the motional limits of piezo-actuators and the physical constraints introduced by rotary limits of flexure hinges, any singularities will not occur for the CPM proposed here. Consequently, the following velocity equation can be derived in view of (16).q
The 3×3 matrix J is defined as the Jacobian matrix of the 3-PRC CPM, which relates the output velocities to the actuated joint rates.
IV. ISOTROPY AND DEXTERITY

A. Isotropic Configurations
An isotropic manipulator is a manipulator whose Jacobian matrix has a condition number equal to 1 in at least one of its configurations. In isotropic configurations, the manipulator performs very well with regard to the force and velocity transmission. As for a 3-PRC CPM in isotropic configurations, the Jocobian matrix J should satisfy:
where I 3×3 is the 3 × 3 identity matrix. Under such case, in view of (19), the following conditions must hold: σ = e T i e i = 1, and e T i e j = 0, for i, j = 1, 2, 3, i = j. It can be deduced that this is the case when x = y = z = 0, i.e, p = [0 0 0] T , which is the configuration in case of the mobile platform at its initial position.
B. Dexterity Measures
The dexterity of a manipulator can be thought as the ability of the manipulator to arbitrarily change its position and orientation, or apply forces and torques in arbitrary directions. And dexterity is an important kinematic performance for the designed CPM for nano scale manipulation.
In the literatures, different indices of manipulator dexterity are introduced. One of the frequently used indices is called kinematic manipulability, that is first proposed in [13] for serial manipulators and later is extended to parallel robots.
Another usually used index is the condition number of the Jacobian matrix recommended in [14] , and can be defined as κ = J J −1 , with • denotes the 2-norm of the matrix. As a measure of dexterity, the condition number ranges in value from one (isotropy) to infinity (singularity) and measures the degree of ill-conditioning of the Jacobian matrix, i.e., nearness of the singularity.
In addition, the conditioning index (CI) which is defined in [15] as the reciprocal of the condition number of the Jacobian κ , can also be used to evaluate the dexterity of a manipulator. When µ = 0, the manipulator is in a singular configuration, and in the case of µ = 1, the manipulator is in an isotropic configuration. Therefore, the larger the CI, the farther the distance to the singularity, and the more dexterous the manipulator.
V. WORKSPACE ANALYSIS
It is known that parallel manipulators have relatively small workspace compared with their serial counterparts. Thus it is necessary to analyze the shape and volume of the workspace for enhancing applications of parallel manipulators. In most applications, the workspace of a manipulator is usually in a shape of a cuboid or a cylinder. Regarding a 3-PRC CPM for nanomanipulation, the desired workspace is described as a maximum cuboid inscribed within the reachable workspace and defined as the usable workspace, in which most practical applications will be carried out. The reachable workspace of the 3-PRC CPM is defined as the space that can be reached by the reference point P, and can be generated as follows.
A. Workspace Range subjected to Actuators Motional Limits
Assume that the motional range of linear actuators is within ±D/2. Generally, x, y, and z are in unit of microns, and e is in unit of millimeters, i.e., x, y, z e, then
In view of (9)- (11), we have
Thus, (25), (26), and (27) represents the workspace of each limb respectively, that is a set of cylinders with the radii of a. The intersection of the three limbs' workspace forms the workspace range of the manipulator restricted by limits of actuators motional range, which has a cuboid like shape.
B. Workspace Range Subjected to Rotary Limits of Flexure Hinges
Firstly, we consider the three parallelograms since they have direct effects on this workspace range. Let δ m i be the i . The maximum angular displacement arises when the maximum stress σ max , which occurs at the outermost point of flexure hinge section with minimum thickness t, reaches to the yield strength σ y , i.e.,
where I = wt 3 12 , and stiffness K i is calculated by (2) . Then, in view of (28), we can derive that
From (29), it can be deduced that for a set of parameters of the flexure hinge, the ratio of σ y /E affects the maximum deflection δ m i greatly. Considering e along with the consideration of (6) and (30), we can get
Equations (31) represents a cuboid, which is the workspace range restricted by the rotary limits of flexure revolute hinges.
In addition, let δ m i be the maximum rotary angle of link
Let ϕ 0 1 = ϕ 0 2 = ϕ 0 3 = 0, and δ m 1 = δ m 2 = δ m 3 = δ m . Due to the symmetric structure of the three limbs, we can consider the case in limb 1 only. From (3), we can obtain sin(ϕ 1 ) = z
Since 0 < ϕ m i < π 2 , combining (32) and (33) and in view of (24), allows the generation of
which describes the relationship between the architectural parameters.
C. Workspace Determination
The reachable workspace of the 3-PRC CPM can be determined by the intersection of the two ranges expressed by (25)- (27) and (31), respectively.
VI. CASE STUDIES
In this section, we perform the architecture design of the 3-PRC CPM to achieve a maximum inscribed usable workspace, and verify the dexterity of the manipulator within the workspace.
A. Architectural Parameters Design
The main parameters of flexure hinges, PZTs, and titanium alloy (Ti-6Al-4V) used to develop the CPM are described in Table I . And the length of the parallelograms is chosen as e = 30 mm. The workspace of the manipulator subjected to two types of physical constraints discussed above are shown in Fig. 5 , where the range of V denotes the workspace due to rotary limits of flexure hinges, S represents the workspace range due to the motional limits of piezo-actuators, and the intersection of these two ranges forms the manipulator's reachable workspace, i.e., the range S. It is observed that the workspace looks like a cuboid, which is indeed the range restricted by the constrains of piezo-actuators. This is reasonable since the piezo-actuators' stroke is fully used.
Within the workspace of the CPM, it can be observed that −D/2 < x, y, z < D/2, then in view of (34), we can derive that
which is a constraint equation must be satisfied by a. The usable workspace of the 3-PRC CPM is shown in Fig. 5 as denoted by U. The determination procedure of usable workspace with the edge length of W is described in Fig. 6 , from which we can generate
Solving (36), allows the derivation of Only the positive square root in (37) is considered since the negative one has no meanings in practice. The relationship between a and W is illustrated in Fig. 7 . It is observed that the size of usable workspace increases as the increasing of a. However, the increment is not very much after a > 100 mm. To make a comprise between the size of usable workspace and the compactness of the manipulator, we select a = 60 mm. Other parameters are designed as: b = 50 mm, w = 5 mm.
Substituting a and D into (37), allows the calculation of W = 139.918 µm, which represents a cuboid satisfying the workspace requirement of this work. And we can see that the stroke of piezo-actuators is utilized quite efficiently.
B. Dexterity Verification
The conditioning index (CI) is adopted to verify the dexterity performance over the usable workspace of a 3-PRC CPM with the aforementioned designed parameters.
The distribution of CI in the plane at every height within the workspace can be calculated, and the examples in three typical planes of z = ± W 2 = ±69.959 µm and z = 0 are shown in Fig. 8 . It is observed that at every height, µ has a maximum value when the mobile platform lies in the z axis, which decreases as the mobile platform is approaching to the workspace boundary. From Fig. 8(b) , we can see that µ arrives at the maximal value 1 in the case of x = y = z = 0 which means an isotropic configuration. Moveover, every value of µ in any plane is larger than 0.9965 and very close to 1, and the variation is very slight. It indicates that there exist no any singular configurations in the usable workspace, within which the manipulator can perform a dexterous manipulation.
VII. CONCLUSIONS AND FUTURE WORKS
A novel 3-PRC CPM utilizing flexure hinges designed for 3-D nano scale manipulation has been presented in this paper. The system is set up by a proper choice of actuators, flexure hinges, and materials, and modeled via the developed PRB model, based on which the inverse and forward kinematic modelings, velocity formulation, and isotropic configurations have been derived. Taking into account the physical constraints introduced by stroke limits of piezo-actuators and rotary limits of flexure revolute hinges due to the material elasticity, the workspace range of the CPM is determined analytically. In order to achieve a maximum usable workspace that is defined as the maximum inscribed cuboid within the reachable workspace, architectural parameters of the CPM has been determined, which results in a manipulator meeting the demands of this work. In addition, the dexterity verification is carried out within the usable workspace, and simulation results reveal that the designed CPM can perform a high dexterous manipulation within the workspace.
If a suitable end-effector is mounted on the mobile platform or the mobile platform is placed under a specified microscope as a precision XYZ-stage, the manipulator can be used for 3-D assembly of nano scale objects via nanomanipulation. In the further work, the CPM will be integrated into a nanomanipulation system, and the dynamic performance and control strategies of the manipulator will be analyzed by experimental studies on the prototype for nano sclae manipulation.
